Organometal halide perovskites have recently attracted tremendous attention at both the experimental and theoretical levels. Much of this work has been dedicated to bulk material studies, yet recent experimental work has shown the formation of highly efficient quantum-confined nanocrystals with tunable band edges. Here we investigate perovskite quantum dots from theory, predicting an upper bound of the Bohr radius of 45 Å that agrees well with literature values. When the quantum dots are stoichiometric, they are trap-free and have nearly symmetric contributions to confinement from the valence and conduction bands. We further show that surface-associated conduction bandedge states in perovskite nanocrystals lie below the bulk states, which could explain the difference in Urbach tails between mesoporous and planar perovskite films. In addition to conventional molecular dynamics (MD), we implement an enhanced phase-space sampling algorithm, replica exchange molecular dynamics (REMD). We find that in simulation of methylammonium orientation and global minima, REMD outperforms conventional MD. To the best of our knowledge, this is the first REMD implementation for realistic-sized systems in the realm of DFT calculations. Figure 4. Normalized 2D maps of MA orientation (X, θ; Y, ϕ) in the case of (a) conventional MD at 300 K for 26 ps and (b) 55 ps and (c) REMD at 300 K for 16 ps.
T he perovskite photovoltaic field has blossomed in the past few years because of facile solution processing and impressive power conversion efficiencies. 1, 2 To date, the majority of the experimental and theoretical work 3−16 has been dedicated to the bulk properties of the perovskite material. There are two main architectures employed for perovskite solar cell fabrication, namely, mesoporous 1,2 and planar. 17 Mesoscopic perovskite structures are typically formed using mesoporous TiO 2 electrodes, with pore sizes being on the order of a few tens of nanometers. Strictly speaking the perovskite is already nanocrystalline; however, because of the relatively large grain size, the effects of quantum confinement are lost. Recently, experimental work 18, 19 appeared regarding the fabrication of quantum dots (QDs), in which confinement is preserved, thus giving an opportunity for bandgap tuning for optoelectronic applications. In order to gain a deeper understanding of these interesting materials, we perform calculations using rigorous density functional theory (DFT) of quantum dots with various stoichiometries and sizes (240− 768 atoms) built from cubic methylammonium (MA) lead iodide perovskite (MAPbI 3 ).
It is known that bulk MAPbI 3 possesses the tetragonal structure as the most stable form at room temperature; however, at the nanoscale the stability of the bulk phase might be altered because of surface energy considerations and synthesis routes. Indeed, recent studies 20−22 indicate that mixed halide synthesis in addition to nanoscale phenomena can produce MAPbI 3 samples with the cubic symmetry. For the mixed halide synthesis route, it was partially ascribed to the presence the Cl which lowers the transition temperature of the tetragonal-cubic phase. The effect of the surface energy term at the nanoscale has been demonstrated in the case of nanoscale 23 TiO 2 particles, and indeed in recent work by Protesescu et al. 18 such phenomenon has been demonstrated for the example of CsPbI 3 quantum dots in which they crystallize into the cubic crystal structure. This justifies usage of the cubic phase of MAPbI 3 while simplifying the DFT calculations.
In order to demonstrate the effect of quantum confinement, we have performed MD calculations of various sizes of stoichiometric quantum dots (QDs). The calculations were run at 100 K rather than 300 K because at 300 K the standard deviation of bandgap becomes comparable to the amount of quantum confinement itself. As for the off-stoichiometric QDs, we have performed MD at various temperatures and tried various sizes with various stoichiometries (see Supporting Information Figure S1 ). However, we could not obtain trapfree QDs, which is consistent with previously reported trap introduction due to violation of the bulk stoichiometry. 24, 25 We define trap-free as having no electronic states in the gap region greater than 10 kT from any of the band edges, while subgap states are defined as tails below conduction band minimum or above valence band maximum within 10 kT. Figure 1a shows variation of the bandgap of stoichiometric QDs vs particle radii where confinement is apparent and no emerging in-gap states are seen. This result is in good agreement with recent experimental work, 18 where CsPbI 3 nanocrystals with near bulk stoichiometry and with very narrow emission lines have been fabricated. Within the DFT realm it is not possible to account for the exciton phenomena; however, it is still possible to give a rough estimate to the upper bound of the Bohr radius for excitons. The excitonic Bohr radius is defined as a crossover point between the strong confinement regime, where confinement effects dominate, and an intermediate to weak confinement regime where excitonic Coulomb and correlation energies dominate over the confinement energies. Given that exciton binding energy in bulk MAPbI 3 varies between 35 and 50 meV 26, 27 and that exciton binding energy is 48 meV 28 at a Bohr radius of 25 Å, one can assume that exciton binding energy remains constant beyond Bohr radius. The fit for the bandgap variation in Figure 1a can be written as
where b (∼100 eV·Å 2 ) is a constant that absorbs all the effects of the confining potential and effective electron and hole masses, 29 and E g bulk is the bulk bandgap of the MAPbI 3 . Given the exciton binding energy, one can get an estimate of the upper bound on the Bohr radius, which is given by
This gives a value of 45 Å, which is in good agreement with the actual value 28 of 25 Å.
In order to evaluate the effect of quantum confinement separately on both the conduction band (CB) and the valence band (VB), we have aligned the bulk density of states (DOS) with that of the QD using an estimated offset between the valence band of bulk MAPbI 3 and the vacuum level of the QD. 30 One can see in Figure 1b that the offset with respect to the bulk CB and VB is symmetric which is attributed to the equal effective hole and electron masses. Indeed, previous DFT 6, 31 calculations show that this is the case.
Previous experiments 32, 33 show significant differences in the Urbach tails of mesoporous and planar perovskite films. It was indicated that in mesoporous films the Urbach tail is on the order of 100−200 meV, 32 whereas in the case of planar films 33 the Urbach tail on the order of 15 meV. To shed some light on why there is such a discrepancy in the DOS of subgap tails, we have carried out a calculation of the local density of states (LDOS) separated into surface atomic and core atomic regions for the QD and planar film with net zero dipole moment. On the basis of Figure 1c , one can see that there are surface associated states lying 0.1 eV below the conduction band edge of the core-like region, thus suggesting that the Urbach tail found in mesoporous films could be associated with the surfacelike states found in QDs. To analyze this more closely, we carried out multiple calculations on various sizes of QDs and still found that the offset between surface-like and core-like states in CB or VB (see Supporting Information) lies in between 100 and 200 meV. As mentioned previously, the Urbach tail in the planar films is 15 meV, which is in contrast to The Journal of Physical Chemistry C Article that of QDs. Our results indicate this is indeed the case, as shown in Figure 1d , where the surface LDOS and core-like LDOS have exactly the same onset on both CB and VB, respectively.
Conventional ab initio molecular dynamics (MD) is usually performed within a few to a few tens of picoseconds for most typical structures (1−200 atoms) and mostly performed to accumulate average statistical quantities such as vibrational density of states along with an IR and Raman spectra. Replica exchange molecular dynamics (REMD) 34, 35 or parallel tempering, 36 where instead of MD one exploits Monte Carlo (MC) between replica hops, is on the other hand a very powerful method which outperforms simulated annealing 36 in searching for global minima structures and also allows enhanced phase space sampling for many structures. Typical REMD simulations consist of N independent parallel copies of the original system (replicas) being run at conventional MD level in the canonical ensemble for a specified number of steps at M different temperatures, indicated as "MD evolution" in Figure 2 . In order to guarantee a random temperature walk and thus enhanced canonical ensemble sampling, one has to exchange replicas as shown in Figure 2 between "MD evolution" steps based on the Metropolis criterion. 37 These swaps happen between replica temperatures based on exchange probability from replica X to neighboring replica X′ as defined:
where β n and β m are 1/(kT n ) and 1/(kT m ), E(q) (m) and E(q) (n) are the potential energies at neighboring temperature replicas T n and T m such that T m > T n , and q m and q n are the generalized coordinates. So far, REMD 34 has been limited to the classical MD calculations; however, some attempts have been made to utilize it in the context of pure quantum mechanical calculations 35, 38 for small clusters and intermediate-sized structures in the regime of coupled QM/MM simulations. 39, 40 We have implemented the REMD algorithm on top of CP2K 41 within Born−Oppenheimer MD. The algorithmic details can be found elsewhere. 34, 35 First, we looked at the energy landscape searching properties of REMD for the example of the off-stoichiometric dot (MA 27 Pb 7 I 35 ). Figure 3a shows the potential energy of the offstoichiometric dot as a function of the MD (REMD) steps. One can see that REMD at 300 K finds a much lower energy state in a very short time compared to conventional MD, thus locating much deeper energy minima (see Supporting Information Figure S3 ). It should be noted that at these time scales (ps) it is still too far from accessing all energetically possible configurations or, in other words, completely sampling the canonical ensemble. However, even at these time scales REMD outperforms conventional MD in locating energetically favorable configurations. On the other hand, to study the effect of enhanced sampling, one has to sustain the potential energy overlap between replicas at neighboring temperatures such that one achieves the random temperature walk of the replica. Figure 3b shows the potential energy of the replicas at 300 and 500 K for both conventional MD and REMD simulations as a function of MD (REMD) steps. As can be seen, there is no gain in the energy of REMD compared to the conventional MD. However, by looking at Figure 3c , one can see that potential energy overlap is sustained over the course of the REMD simulation, resulting in the random temperature walk of replicas as demonstrated for the example of a replica at 300 K as shown in Figure 3d . Thus, in the case of the stoichiometric dots the absence of energy gain could be attributed to the existence of a large number of energetic minima associated with many possible MA orientations which vary within few kT. Finally, to demonstrate that REMD indeed samples more configurations within a shorter time, we plotted a normalized 2D distribution of MA angles, defined as C−N bond angle with respect to the cubic unit cell axis (θ, ϕ), for the MD and REMD replica at 300 K. Figure 4 shows that the preferential alignment of MA axis is along the angles ϕ = 0°and θ = 0°, 90°, 180°, 270°, which indicates facial alignment of the MA cation and is in agreement with previous calculations of bulk MA distribution in the cubic perovskite phase. 42 In addition, one can see from Figure 4 that there is an additional peaked angular distribution along the ϕ = 70°which comes from the MA cations located in the surface region. To compare how efficient REMD is compared to conventional MD calculations, we have plotted distribution of MA angles accumulated at different times. By looking at Figure 4a −c, one can see that, in the case of the REMD calculations, many more MA angular configurations are sampled with respect to the conventional MD calculations. More specifically, black regions, highlighted by yellow polygons, in Figure 4a and Figure 4b indicate regions of MA orientations which are unsampled during MD simulation, whereas in the case of the REMD calculations (Figure 4c ) it is seen that these regions are much better sampled. Thus, the usage of REMD calculations within mesoscopic scales opens new possibilities to study molecular systems at longer time scales comparable to classical MD simulations.
In conclusion, we have computationally investigated a novel materials system: organolead halide perovskite quantum dots. It is shown that stoichiometric perovskite QDs are free of deep traps. The effect of quantum confinement is demonstrated, and an estimate for the upper bound of the Bohr exciton is given. It is demonstrated that both the CB and VB participate in The Journal of Physical Chemistry C Article quantum confinement, which is in line with the ambipolar perovskite behavior. In addition, an explanation is given as to why there is such a discrepancy in the Urbach tail seen in the mesoporous and planar perovskite films. Finally, replica exchange molecular dynamics (REMD) has been implemented within DFT for realistically sized systems for the first time. It is shown that REMD compares favorably to conventional ab initio MD in locating deep lying minima structures and at the same time sampling of the phase space is enhanced based on the analysis of the 2D MA angular distribution.
■ METHODS
Calculations were performed within the DFT formalism using the Perdew−Burke−Ernzerhof (PBE) 43 GGA exchange correlation functional. All calculations were performed utilizing the CP2K 41 package within Gaussian-augmented plane waves (GAPW) dual basis set using the molecularly optimized MOLOPT 41 double ζ-valence polarized (mDZVP) basis set implemented in CP2K code which has very small BSSE errors in gas and condensed phases. 4,44−47 The plane-wave cutoff was 300 Ry, which is suitable for the Goedecker−Teter−Hutter pseudopotentials. 48 Spin polarized (LSDA) and spin-unpolarized caculations (LDA) were performed in the case of the odd− even number of electrons. The initial structural minimization was performed with the help of the Broyden−Fletcher− Goldfarb−Shanno algorithm 49 (BFGS). Initial structural optimiziation was considered converged if the forces acting on the atoms were less than 0.04 eV·Å −1 .
In order to construct quantum dots both stoichiometric and off-stoichiometric, we have cut them from cubic (a = 6.3 Å) MAPbI 3 perovskite phase. Stoichiometric and off-stoichiometric dots were constructed as cuboids with terminated facets ([100], [010], [001]) while preserving bulk stoichiometry I/Pb/MA as 3:1:1 in the former case (asymmetric termination MAI-PbI 2 ) and having various symmetric terminations (PbI 2 −PbI 2 or MAI−MAI) for the off-stoichiometric dots. After initial construction and optimization, dots were subsequently subjected to ab initio MD at various temperatures (100−600 K) for 20 ps with subsequent monitoring of the bandgap through the course of MD simulations. Various configurations (10−20) for both stoichiometric and off-stoichiometric dots were modeled through MD and then geometrically optimized via the BFGS algorithm. The configurations possessing the lowest energy were selected. This procedure helped tremendously in identifying trap-free structures in the case of the stoichiometric dots; however, it had little or no effect on curing traps in the case of off-stoichiometric dots. The best configurations were subsequently fed into MD and REMD production simulations. Radii of the particles were estimated via radius of gyration R g 2 = ( 3 / 5 )R 2 averaged over molecular 
